I. Introduction
The purpose of this report is to describe the activation of the fourth cathode installed in the DARHT-II Injector. Appendices have been used so that an extensive amount of data could be included without danger of obscuring important information contained in the body of the report. The cathode was a 612 M type cathode purchased from Spectra-Mat 1 . Section II describes the handling and installation of the cathode. Section III is a narrative of the activation based on information located in the Control Room Log Book supplemented with time plots of pertinent operating parameters. Activation of the cathode was performed in accordance with the procedure listed in Appendix A. The following sections provide more details on the total pressure and constituent partial pressures in the vacuum vessel, cathode heater power/filament current, and cathode temperature.
II. Handling and Installation
Recommended handling procedures for the cathode is given in Appendix B. Basically, the goal is to minimize the time the cathode was exposed to atmosphere. Documentation of the life history of the cathode is desired to allow comparison between different cathodes. The handling record for cathode #4 through installation is provided in Appendix C. The cathode was exposed to atmosphere for approximately 66 hours. The majority of this time occurred during installation and alignment in the vacuum chamber.
III. Activation Cycle
The heating of the cathode started at 0700 on Friday, 28 April 2006. A transcription of the Control Room Log Book is given in Appendix D. This section provides a time line for the heating by describing actions listed in the Log Book plus plots of recorded readings of the injector ion gauges, cathode heater parameters, and the FAR pyrometer during selected time intervals. Plots of several of these parameters for the entire 67 hours of heating are shown in Appendix E.
The pressure in the vacuum vessel was 57 nano-Torr (nT) and decreasing when the heater power supply was set to 20 W. The power was slowly increased to 120 W over the next 1.5 hours in four increments. Shortly before 0900 the filament current and power readback indicate an uncommanded 10% increase. At 0902 there was a sudden pressure increase and the heater power was secured. The recorded upper ion gauge reached about 800 nT while the recorded RGA data indicated a peak pressure of ~900 nT. The pressure remained over 300 nT approximately four minutes. Figure 1 contains a plot of heater power, filament current, and pressure during this period. Appendix F describes the Historical Data Record used to produce the plot and gives some information on the diagnostics. The requested and readback power displayed in the Control Room differed by ~50 W. A discussion of the heater power and filament current is given in Section V. After the pressure spike, the heater was left off for an hour for the vacuum to recover. At 1000 the heater was set to 100 A and left at that value for three hours. The pressure increased to ~200 nT during the first hour after the heater was reactivated then declined. At 1300 the heater power was increased to 120 W and periodically increased to a level of 350 W as the momentary pressure rises would start to decrease. Figure 2 is a plot of heater power, filament current, and pressure from 0930 to 1630. As the cathode temperature is approximately the same, the pressure peak around 1115 is most likely related to the same chemical processes as the earlier spike. At 1730 the heater power was set to 350 W and the pressure continued to increase for over an hour peaking at ~240 nT. This may be related to the break down of hydrates formed with the barium-calcium-aluminates and the out-gassing of hydrated water. This pressure peak did correspond to an increase in the partial pressure of water. The heater power was increased to 460 W at 2120 and held at this level for the 12 hours as proscribed in the activation procedure to allow for the breakdown of hydrates. Note that the readback power was 400 W. At 1900 the FAR pyrometer was energized. The pyrometer cannot be energized from the control room, but is physically turned on at the pyrometer. When the pyrometer was energized, the control system experienced a fault condition and shut down the heater. (Refer to Figure E-1 in Appendix E. The pyrometer output registered a maximum value initially at turned on and the control system interlocks shut off heater power as designed.) The operator reenergized the heater within a minute and set the power to 300 W. Figure 3 is a plot of heater power, filament current, and pressure from 1630 to 2130. There was a steady decline in pressure with the power set at 460 W indicating that the expected out-gassing of hydrated water had already occurred. The pressure decreased to 56 nT by the end of the 12 hours at the constant power setting. At 0900 on 29 April the power was increased to 0.5 kW and increased in 50 W increments every half hour until reaching 0.7 kW at 1100. Pressure peaked at ~159 nT around 1130 and power adjustments were stopped until 1230 when the power was increased to 0.75 kW. A broad series of pressure peaks occurred from 1100 on the 29 th to 0200 on the 30 th . Figures 4 and 5 are plots of the pressure and heater parameters during this period. The pyrometer began to register temperatures at 0037 as shown in Figure 5 . The lowest temperature the pyrometer correctly registers is about 850°C T . The plot subtracts 800° from the reading so that the actual temperature range of the plot is 800° to 1,100°. The pressure increase during this period is probably related to the breakdown of W 2 O 5 and residual carbonates in the impregnate expected around 850°C. The power was set at 1.25 kW at 0130 with the pressure at 178 nT and held at that value until 1300. The temperature reached a constant value of 891 by 0230. The pressure began decreasing at 0150 from a peak value of 201 nT. Incremental increases of the heater power resumed at 1300 on the 30 th starting at 1.3 kW. Heater adjustments were stopped for two hours when the pyrometer registered 995°C T and again an hour later at 1021°C T . At 1140 with the heater power at 2.42 kW, the pyrometer registered 1101°C T . Power was held constant for the next two hours with the temperature stabilizing at 1103°C T and the pressure dropping from 125 nT to 99 nT. At 0145 the heater power was set to 0 and at 0205 the heater was secured. Figure 6 plots the pressure, cathode temperature, and heater power for the last 10 hours of the activation.
There was some concern that for a "soft" activation, two hours at 1,100°C may not be sufficient. The cathode was heated on 4 May to 1,100°C (momentarily) and on 5 May to 1,100°C (held for 9 hours). Plots of the data for these heating cycles can be found in Appendix E. 
IV. Total and Partial Pressures
The total pressure in the vacuum vessel was maintained below 250 nT except for the one pressure spike. Pressure at the RGA normally was about 20% higher than the ion gauges presumably because of heating in the sensor head. Figure 7 is the RGA partial pressure display at the start of the activation cycle. Partial pressures are listed in Table 1 for some of the more important components at various times in the activation cycle. RGA displays corresponding to the different rows in Table 1 can be found in Appendix E. Note that the RGA display figures are high resolution and can be enlarged to read values. The primary reason for presenting the large number of RGA displays in Appendix is to have a readily assessable record with which to compare future cathodes. From Table 1 , it can be seen that water was the main constituent of the pressure spike. During the second pressure peak around 1900 on the 28 th , hydrogen, nitrogen and carbon dioxide increased with respect to water. The hydrates being released may have split into hydrogen and oxygen that combined with carbon. The pressure increases around 2100 on the 29 th were dominated by nitrogen and, unlike the previous pressure peaks, exhibited LBNL's heating of a used cathode showed pressure increases that correspond to the first and third pressure peaks during the activation cycle. See Figure G -2 in Appendix G. Water absorption and reaction of the tungsten to oxygen in the atmosphere during transport and handling are probably responsible for the outgassing associated with these two peaks. Apparently, the barium, calcium, and aluminates did not acquire significant amounts of hydrates during transport resulting in the absence of the second pressure peak. 
V. Power versus Temperature
The heater power was used to estimate the cathode temperature for temperatures below the range of the FAR pyrometer. Data taken at the LBNL cathode test stand with a thermocouple attached to the face of a used cathode was used for this estimate. Refer to Appendix G. A number of questions were raised regarding the validity of the LBNL test stand data to the DARHT configuration and also earlier data taken at Spectra-Mat (see Appendix H). The concerns were generally in regard to the immediate environment of the cathode and how this would effect the reflected radiated energy. Spectra-Mat took temperature measurements with the cathode in a bell jar with no immediate heat shields. The LBNL setup did not use heat shields but had shrouds and a relative close vacuum vessel wall. The DARHT configuration would be intermediate to these two cases. Appendix I contains sketches of the three configurations. Figure 8 shows a comparison of data taken at LBNL, Spectra-Mat and DARHT. Measurements taken with the thermocouple at LBNL and with the FAR Pyrometer at DARHT are true temperatures. The pyrometer measurements taken at LBNL are brightness temperatures and 50° was added to these values to approximate true temperatures. The cathode temperatures from Spectra-Mat were measured with a Raytek Marathon two-color IR pyrometer set for "true" temperatures. The 3 lowest temperature data points for DARHT are based on temperature sensitive chemical reactions that could be associated with outgassing during the activation cycle: 100°C for the first peak (H 2 0 vaporization), 400°C for the second peak (hydrate breakdown), and 800°C for the wide third peak (W 2 O 5 breakdown). The requested power setting was used for the DARHT data. To give some perspective to the data correlation, error bars of ±50°C were added to all pyrometer measurements. For DARHT data, error bars of -50W/+0W were added to reflect the difference between requested and read back power. Error bars of ±20°C, ±25°C, and ±100°C were assigned based on the pressure peak sharpness for the DARHT data estimated from the three pressure peaks. The thermocouple data was arbitrarily given error bars of ±5% for both power and temperature. There was some confusion regarding the cathode heater controls at DARHT. Complete details of the cathode heater power supply are beyond the scope of this report. The power supply consists of an 80V DC power supply that drives a 30-kilohertz switching inverter. It is the output of the DC supply that is shown on the control console. The AC power output of the inverter is determined by a 400 Hz pulse-width modulation of the DC input voltage. The output of the inverter passes through a filter that removes the 30 kHz and then an isolation transformer. The magnitude of the 400 Hz modulation is controlled by a 0-10V reference signal (Power Supply Request). The inverter's AC voltage and current (Heater Filament Current) output are used to generate a 0-10V reference power signal (Readback Power) that is compared to the input reference in a feedback loop. Note that for the reference power signal, 1V corresponds to 1 kW.
VI. Temperature Uniformity and Equilibrium
Temperature uniformity across the face of the cathode was measured using the Cathode Area Temperature (CAT) diagnostic system 2 . A CAT image assuming an emissivity of 0.6 taken when the FAR pyrometer showing 1,102°C T (cathode center) is shown in Figure 9 . Absolute temperature does not agree with the pyrometer, but relative variation is assumed to be approximately correct. Additional images are given in Appendix E.
The ~20°C variation from the hottest to coldest sections of the cathode is consistent with previous cathodes. However, the location of the coldest section is approximately 180° opposite of that of Cathode #3. The position that the filament leads enter the cathode is annotated in Figure 9 . The cold section is not associated with the "missing turn" at the point where the return lead leaves the cathode. A possibility exists that there are shorted turns. However, at this time there is no correlation of the cold spot with azimuthal orientation in the shroud or position of filament leads.
The temperatures of the mounting plate and cathode shroud during the 12 hour period that the cathode was held at 890°C T are shown in Figure 10 . These temperatures continued to increase for a considerable period after the center of the cathode reached an equilibrium temperature: rising approximately 8°C during the four hours after cathode equilibrium. The issue of varying thermal expansion of the cathode relative to the shroud and possible mechanical interference has been described elsewhere 3 . In addition to the mechanical interference, the issue of varying edge emission needs to be considered. Significant effort was expended in determining the proper position and angle of the shroud with respect to the cathode to minimize emittance due to emission from the edge of the cathode. A study needs to be performed to determine the tolerance with respect to thermal equilibrium. For example, is there a minimum time required between heating the cathode and extracting a quality beam? The data for Cathode #4 was taken as the cathode was heated as compared to Cathode #3 where the data was taking as the cathode cooled. In theory, the cathode and its environment should be in thermal equilibrium for the measurement of the Miram Curve. However, as noted in Section VI, this could take a considerable time to realize in practice. The significantly higher work function of Cathode #4 with respect to #3 is most likely due to the differences in how the measurements were made. A fixed procedure for the measurements would make the data comparable for different cathodes and the same cathode measured at different times. VIII.
Comments and Recommendations
Several observations can be made looking over the data. The recommendations are subjective and represent the biases of the editor.
• Changing the original 100 nT limit to 300 nT in the activation procedure appears to have been a prudent decision. Keeping the pressure to no more than 250 nT required 67 hours. The 100 nT limit may have doubled the time.
• An alternative to activating the cathode in the injector vacuum vessel is to do it in a smaller vacuum vessel then install the cathode in the injector. This approach has several advantages including minimizing the time the injector is not available for operations, better vacuum monitoring of the activation (gauges are closer to cathode surface), and the ability to extend the activation cycle, e.g. to maintain a 100 nT pressure limit.
• Longer time at "activation" temperature (4 -12 hours) for the soft activation. This was actually done on Cathode #4 when the cathode was given another heating cycle finishing with 11 hours at 1,100°C T . Replacing the time requirement with an outgassing/pressure requirement may be a better approach.
• During the activation of Cathode #4, the operators normally followed an informal requirement of not increasing the heater power if the pressure is still rising. This should be made a formal requirement called out in the activation procedure. It is not obvious that this requirement would have avoided the pressure spike, but it is easy to implement.
• Add more people to activation team with assignments for specific diagnosticsthe operators are being overworked attempting to do all requests for information. Although much of the data acquisition has been automated, it needs to be routinely checked to verify that all the automated systems are working.
Unfortunately an abnormal event, e.g. power surge, most likely will effect multiple systems and the operator has to set priorities with the protection of the injector being first and data acquisition last.
• If enough personnel are available, it would be nice (not required) to take thermal images of the cathode during activation. Images can be taken anytime after activation, but a baseline set of images during activation may prove useful for diagnosing problems with future cathodes.
• The inoperative temperature sensors on the shroud and cathode housing should be replaced during the installation on the next cathode. During initial operations there were six RTD's at various positions. There are only three left and one of these (Shroud #2) is failing. Refer to Appendix E, Figure E -16. With sufficient temperature data from different locations, the mechanical engineers can determine heat flow and relative thermal expansions.
• The CAT should be recalibrated and brought into agreement with the FAR pyrometer. Activation Process for the DARHT Cathode #4
• Increase the Cathode Heater Power in small increments (typically 0.05 kW per step) keeping the injector vacuum at or below 3x10 -7 Torr.
• When the Cathode Heater Power set point reaches 0.40 kW, hold this Power setting for 12-16 hours before resuming Heater Power ramp and pressure control.
• Ensure the FAR Pyrometer is on when Heater Power reaches 1kW.
• When the Far Pyrometer reads a stable temperature of 875+25 o C, hold the Cathode Heater Power constant for 12-16 hours before resuming Heater Power ramp and pressure control.
• When Far Pyrometer temperature reaches 1000 o C hold this power setting and temperature for 2 hours before resuming Heater Power ramp.
• When Far Pyrometer temperature reaches 1100 o C hold this power setting and temperature for 2 hours • The activation is considered finished at this point.
Notes: 1. If at any time it is felt there is a need to vary from this process, check first with Trent
McCuistian and Ray Scarpetti before instituting changes. 2. This process assumes around the clock activation without planned interruption. 3. A time-stamped printout of the RGA spectrum will be taken every half hour and collected in a binder for the entire duration of the cathode #4 activation. 4. The purpose of the hold at 0.40 kW (~400 o C) is to break down the hydrates formed with the barium-calcium-aluminates in order to out-gas the hydrated water. 5. 0.40 kW is an approximate value determined by LBNL on their Cathode Test Stand, and a more refined value may be available at the start of activation. 6. If the pressure goes above 3 x 10 -7 torr, back off on the heater power to the cathode until the pressure recovers. 7. The purpose of the hold between 850°C and 900°C is to allow W 2 O 5 to break down and combine with any available hydrogen, reducing the tungstate to clean tungsten as well as reducing any residual carbonates found in the impregnant. Care must be taken to assure the temperature approaches but does not exceed 900°C. 8. Steve Eversole will request Jim Harrison to produce an activation summary spread sheet which will collect the following data every half hour plus every time the cathode heater power is changed: Pyrometer Temp 2. Heater PS Power, Heater PS Filament I, Mounting Plate Temp, Shroud Temp 2, Shroud Temp 4, Injector Tank Ion Gauge Press 1, Injector Tank Ion Gauge Press 2, Injector Tank Ion Gauge Press 3, Injector Tank Ion Gauge Press 4, 9. Since we are not bringing the cathode to the 1200°C level, the activation is considered a slow one and the cathode may continue to improve it emission characteristic over time. It is recommended, as soon as is practicable, to characterize the emission by plotting beam current density vs. cathode temperature at the lowest possible beam voltage (around 2 MV for DARHT). The administrative limit is 1100°C. The "Miram Plot" and the practical work function distribution (PWFD) thus produced will characterize the cathode and can be used to predict it performance at higher beam voltage.
Appendix B Cathode Handling and Usage Documentation Guidelines (Joe Kwan)
The cathode contains BaO which can be easily poisoned by moisture and other contaminants. To insure optimum performance, the cathode should not be exposed to atmospheric conditions for too long. There is no sharp threshold for this, and to be accurate, one would have to specify the moisture and particulates content in the air, flow rate, etc. Therefore the basic principle is to minimize exposure. The most recent bulletin from Spectra-Mat suggested limiting the exposure to less than 48 hours, but their earlier version indicated 8 hours.
For storage, the cathode should be kept in inert gas such as nitrogen or argon, or alternatively in a partial vacuum of 10 -3 torr or better. Since this level of vacuum is difficult to verify from the gauge on the shipping container, the inert gas method is preferred.
All direct handling should be done with reasonable clean room processes, e.g., wear clean gloves (use the type without powder) and a lab coat, and if possible work in a room with filtered air. Avoid touching the cathode surface. In case if any debris is found on the surface, use a pair of tweezers to remove it or use dry nitrogen to gently blow it off. A vacuum cleaner with a clean tip may also work well. Do not try to "clean" or wipe the surface. For protection, use UHV grade aluminum foil instead of lint free paper. The UHV foil shall be essentially free from contamination and residual rolling oils (certified to ASTM B479 (3.1.4 & 10.3.1).
Apply the principle of 5P's (Prior Planning Prevent Poor Performance) to minimize the exposure time and reduce risk of damage. This often means using a dummy for a trial run to practice beforehand, or make a special fixture to hold the cathode in place. In some case, setting up a staging area with inert gas purge will help to reduce the exposure to moisture.
We want to keep detail records on the history of each cathode, starting from the beginning when it was made in the factory, to the end of its useful life. Perhaps the best way is to write things down in a logbook that follows the cathode wherever it goes. Of course any potential damage must be recorded and no entry is too trivial to be included. As a guide, enter the date, time, the worker's name, what was done to it, how much was the estimated time of exposure, and the work environment. Also write down the condition of the cathode (visual description) before and after working on it, and how and where it was stored afterward.
After the cathode is installed on a test stand for operation, the record keeping should continue. We would like to know what kind of base pressure is in the vacuum system, the main components that show up in the RGA, the number of hours while the cathode is hot, and typical emission current and pulse length. Obviously, any vacuum leak incident, or frequent high voltage breakdowns (inside the injector region) must be recorded in the logbook. Begin activation of Cathode #4 this morning RGA recipe = cathodedatasave6-28-02.rcp Setup Hypersnap to capture RGA screen every 1800 seconds (on hour and ½ hour) C:\Documents and Settings\darhtLAN\D2kicker\CathodeActivationScreens RGA also set to automatically save data to C:\TWare32\Sensor3_P1_TSP2\DATA\cathodesave_0000.sod With auto increment filenames checked iHistorian; storing info in database and person (operator) activating cathode (we will go 24/7 until activated) monitoring vacuum and cathode parameters on screen as operator increases power setpoint gradually maintaining injector vacuum vessel below 300 nT. The pressure, cathode temperature, heater power, and heater filament current for the entire activation cycle are shown in figure E-1. The pressure peaks/spike are annotated. The following figures are RGA displays for the times shown in Table 1 . Although the printing is small, the resolution is high and plots can easily be expanded to read. The principle purpose of recording the displays is to establish a base line to compare with future activations. Information on a large number of instrument readings is recorded on a continuous basis with typical sample rates of once every 20 seconds to 1 minute. Sample rates can be increased. The data can be recalled and displayed on screen as a plot or saved as CSV files at a sample rate equal to or slower than the recorded data. Below is a small example similar to the file used to generate the plots in this report. Some editing of the header was performed to improve readability. The instruments chosen were those of interest to the cathode activation. Other sets of data can be selected for specific studies, e.g. magnets or pulsed power. 68 hours of data recorded every 20 seconds for the 11 instruments listed in the table below was stored in a 1.8 Mb Excel Worksheet. 
~20 inch diameter
The arrangement of the DARHT-II cathode with respect to the shrouds and temperature diagnostics is shown in Figure I -4. Both the FAR Pyrometer and CAT Camera view the cathode surface at an angle of about 51° with respect to the normal and at a distance of nearly 2 meters due to mechanical constraints. 
